Pedigree analysis is a useful tool in the study of speciation. It can reveal trans-generational influences on the choice of mates. We examined mating patterns in a population of Darwin's medium ground finches (Geospiza fortis) on Daphne Major Island to improve our understanding of how a barrier to the exchange of genes between populations arises in evolution. Body sizes of mates were weakly correlated. In one year, the smallest females were paired non-randomly with the males of similar size, and in another year the largest males were paired with the largest females. An influence of parental morphology on the choice of mates, as expected from sexual imprinting theory, was found; the body size of mates was predicted by the body sizes of both parents, and especially strongly by the father's. These associations imply that the seeds of reproductive isolation between species are present within a single variable population. The implication was subject to a natural test: two exceptionally large birds of the study species, apparently immigrants, bred with each other, as did their offspring, and not with the members of the resident population. The intense inbreeding represents incipient speciation. It parallels a similar phenomenon when another species, the large ground finch, immigrated to Daphne and established a new population without interbreeding with the resident medium ground finches.
INTRODUCTION
Speciation is the fundamental process in evolution that generates biological diversity. Most recent advances in understanding of speciation have come from genetic analyses of closely related species of a few model organisms (e.g. Presgraves et al. 2003; Kronforst et al. 2006; Masly et al. 2006; Dettman et al. 2007) . Less is known from the studies in nature about the ecological circumstances and microevolutionary forces responsible for speciation (Schluter 2001; Nosil et al. 2007) . Consequently, there is much debate on how it occurs and what the responsible mechanisms are ( Turelli et al. 2001; Coyne & Orr 2004; Ryan et al. 2007) . Since the essence of a species is an inability to exchange genes with other species, a critical question for many organisms is how barriers arise that prevent or hinder interbreeding. To address this question, we have studied the populations of Darwin's finches on the Galápagos Islands.
Fourteen species have been derived from a common ancestor in the last 2-3 Myr . They are at a relatively early stage of speciation and diversification as shown by the fact that they hybridize, albeit rarely, and the F 1 hybrids and backcrosses are at no obvious fitness disadvantage under benign conditions of a plentiful and suitable food supply for the individuals with intermediate beak sizes (Grant & Grant 1992 . Experiments with museum specimens, and other experiments involving the playback of tape-recorded song, show that the individuals of the six species of the ground finch genus (Geospiza) can discriminate between members of the same and a closely related species solely on the basis of visual (morphological) or acoustic (song) cues (Ratcliffe & Grant 1983 . Moreover, the mating patterns of interbreeding species, hybrids and backcrosses implicate both song and morphology in the species-specific choice of mates (Grant & Grant 1997a ,b, 1998 . The mating patterns suggest, as do laboratory experiments with Darwin's finches (Bowman 1983) , that the cues are learned early in life from parents and other adults, i.e. through sexual imprinting (Immelmann 1975; ten Cate et al. 1993; Irwin & Price 1999; Price 2007) . Plumage colour and pattern, shown to be important in the choice of mates in a variety of bird species elsewhere (Dale & Slagsvold 1996; Kimball 1996; Hunt et al. 1999; Collins & Luddem 2002; Price 2007; Pryke 2007) , do not differ among the six ground finch species.
Some cues that are used in the choice of a particular mate, such as age-related courtship vigour, are not necessarily the same as those used in discriminating between members of the same and related species (Ryan & Rand 1993; Boake et al. 1997; Ryan et al. 2003; Phelps et al. 2005) . It is therefore an open question for Darwin's finches whether an individual mate is chosen on the basis of the particular signal value of its song, if it is a male, and morphology. Acoustic cues have been examined in several investigations and found to vary among individuals within populations (Bowman 1983; Millington & Price 1985; Gibbs 1990; Grant & Grant 1989 Podos 2001; Podos et al. 2004; Huber & Podos 2006) . Here, we focus on morphological cues that might be involved in the choice of mates.
Ideally, the stimulus value of variants of the salient cues should be tested experimentally to determine preference functions in relation to signal variation, as is done more easily with fish (Boughman et al. 2005) , frogs (Höbel & Gerhardt 2003; Phelps et al. 2005) , crickets (Shaw 1996) and flies (Ritchie 1996) than with birds (but see Patten et al. 2004) . Instead, we use pedigree data from a long-term field study of a population of medium ground finches (Geospiza fortis) to test for non-random patterns that are indicative of mate choice based on morphology. We first ask whether pairs are formed assortatively with respect to overall size; body size is the principal axis of morphological variation (Grant et al. 2004) . We test for correlations between mates (i) across the population as a whole and (ii) at the size extremes. Assortative mating is an expected consequence of sexual imprinting on parental morphology when the offspring (the choosers) and their parents resemble each other genetically and phenotypically. In fact, body size in this population of G. fortis is highly heritable (Keller et al. 2001) . We test directly for parental influence on offspring using multiple regression analysis to predict the morphological trait values of their first mates from the values of the parents. Since finches may have greater opportunity to exercise choice at the second time of pairing than at the first, and more in some years than others, we repeat the test with the second mates.
Finally, we describe and interpret a pattern of non-random mating in a family of unusually large G. fortis (figure 1). They are treated separately because they are considered to have originated from two immigrants. Like the extreme members of the resident population, their pairing pattern gives insights into the morphological variation that is necessary for discrimination among potential mates. They also give insights into the origin of reproductive isolation.
MATERIAL AND METHODS
The study was conducted on the small, undisturbed and uninhabited island of Daphne Major (0.34 ha) situated in the centre of the Galápagos archipelago. The focal species is the medium ground finch (G. fortis). Additional information on morphology was obtained from a second species, the large ground finch (Geospiza magnirostris). Finches were captured in mist nets, measured, given a unique combination of coloured leg bands and released. Six body size and beak traits were measured, as described in detail elsewhere (Boag & Grant 1984 ) and illustrated by . For an index of G. fortis body size, we use the first component of a principal components analysis (PCA) of mass (weight), wing length and tarsus length (nZ884). Original and synthetic traits in most samples were normally distributed. In each breeding year, the range of body sizes (PC scores) of potential mates approximated the range of body sizes of parents.
The hypothesis of assortative pairing was tested with parametric correlations between PC scores of the members of a mated pair, identified as a male and a female attending a nest with eggs or nestlings. Parametric correlations for the combined data across the whole 35 years of the study, , are expected to be positive as a spurious consequence of fluctuating changes in morphological means due to natural selection , 2006 . Therefore, we corrected sex specifically for annual variation in the mean body size among years, and then combined data prior to analysis.
For a more restricted test of assortative mating among individuals in the tails of a frequency distribution of the body sizes, we applied t-tests to the difference in means between the males mated with the most extreme 10% of the females, either the smallest or the largest 10%, and all other mated males. The criterion of 10% and a minimum sample size of 50 were chosen to ensure a minimum number of five extreme females in each test. We repeated the test with the mates of the smallest and the largest 10% of males. Mate choice is not one sided; males hold territories and females visit several of these territories where they are either courted or chased away (Grant 1999) . Sample size requirements were met by pairs breeding in 3 years : 1983 (nZ108), 1987 (nZ96) and 1993 (nZ77) . The same pairs did not breed in more than one of these years. Each test is directional, justifying one-sided tests, but we applied twosided tests because each frequency distribution of mate sizes was tested twice. Apart from this, we made no correction for multiple testing because the samples were discretely different, being drawn from three different populations (in time) composed almost entirely of different adults.
We used pedigrees constructed from the observations of breeding birds to examine a possible influence of parental morphology on mate choice. If, according to sexual imprinting theory, offspring learn the appearance and behaviour of their parents in early life and use the information when choosing mates in adult life, a statistical association is expected between the morphology of one or both parents and the mates of the offspring. We used multiple regression analyses to predict the trait values (PC scores) of the first mates from the trait values of the choosers' parents. Sons and daughters may be influenced in their choice of a mate mostly by the parent of opposite sex (ten Cate et al. 2006) . Taking this possibility into account, we performed regression analyses separately for the mates of sons and daughters. The four largest cohorts, produced in 1978 (nZ37), 1983 (nZ151), 1987 (nZ147) and 1991 (nZ107) , were chosen for the analysis; little or no breeding occurred in several of the other years (Grant 1999) . Testing in different years is needed because the opportunity for finches to express preferences varies among years, according to several factors including age structure and degree of breeding synchrony as determined by rainfall (Grant 1999) . The cohorts are not the same as those in the assortative mating analyses because the years of high production did not always coincide with the years of large samples of measured parents. Extra-pair paternity has been documented in some cases (Keller et al. 2002) , but this does not affect the sexual imprinting hypothesis that applies to social parents regardless of whether they are biological parents or not. For a test of parental influences on the choice of second mates, we used annually corrected data in a single analysis.
To construct the pedigree of the family of large birds ( §1), we used allele lengths at 15 at the 16 microsatellite loci developed by Ken Petren at the Princeton University (Petren 1998) . Genotyping for the present study was performed by Ecogenics GmbH, Switzerland. For standardizing allele length determinations between laboratories, correction factors (1-4 bp) were calculated and applied. One-third of the loci required no adjustments. As a test of repeatability of allele scores, the Ecogenics Laboratory determined allele lengths twice at a combined total of 1671 loci in G. fortis, G. magnirostris and Geospiza scandens (cactus finch) samples. Second samples were coded so that they were anonymous. Only one allele at one locus differed between samples. Of the original 16 loci, Gf.15 was not used in our analyses owing to a biologically unreasonable excess of homozygotes. This was probably caused by dropout of one allele at a heterozygous locus (Bonin et al. 2005) . For an assessment of parentage, we used the criterion of a minimum 4 bp difference between pair members at a locus to declare it to be a mismatch, and allowed 2 bp differences as being within the range of scoring variation (Keller et al. 2001 (Keller et al. , 2002 .
The original father of the family of large birds is suspected to have been an unmeasured large male that was observed in [2000] [2001] [2002] [2003] . It sang the same G. fortis song type III (Millington & Price 1985; Gibbs 1990) , as did all four of the other large males. Song is inherited paternally through learning (Gibbs 1990; Grant & Grant 1996) , although copying errors do occur. The alternative possibility, that the father was a large ground finch, G. magnirostris, can be effectively excluded with genetic data. The presumptive mother (19669) and daughter (19798) were homozygous (123/123) at locus Gf.8 for an allele that was not present in any one of 41 genotyped G. magnirostris individuals present in 2002 (the presumptive year of hatch). The genotype of the presumptive son (19228) was 123/139. In the total dataset accumulated over 20 years, the frequency of allele 123 is less than 0.01 in G. magnirostris (8/876), in contrast to 0.19 in G fortis (465/2400). Phenotypic data are also inconsistent with a hybridization hypothesis. The large birds are not intermediate in beak proportions between those of G. fortis and G. magnirostris, as they should have been if they were F 1 and F 2 hybrids. Instead, their morphology is close to a least-squares line of best fit to the Daphne G. fortis beak width and beak length measurements (figure 2) or beak depth and beak length (not shown). The points for G. magnirostris, in contrast, fall well above the line. Therefore, we conclude that the parents of all of the exceptionally large birds were immigrant G. fortis.
RESULTS (a) Assortative mating
Across the whole study period, the body sizes of mates were weakly correlated in the annually corrected data (rZ0.123, nZ243 pairs, one-tailed pZ0.028) (figure 3). In 2 of the 3 years when the sample sizes of measured breeding pairs were sufficiently large, extreme individuals paired non-randomly. In 1987, the smallest 10% of females paired with unusually small males (t 95 Z3.024, pZ0.0032), and in 1993 the extreme large males paired with unusually large females (t 87 ZK2.309, pZ0.0233). Of the remaining 10 non-significant tests with extreme individuals, 7 were in the direction expected from the assortative mating hypothesis. prediction was associated with exceptional social and environmental conditions. Mate changes were rare in 1991 (17.9%, nZ106), and much less frequent than in 1987 (37.8%, nZ98), a breeding season of comparable length (four to five broods). Extensive rain in each of the 2 years following 1991 fostered early recruitment to the breeding population. This had not happened in any of the preceding 15 years.
Most of the 1991 cohort that survived to breed (total sample, nZ272) bred for the first time in 1992 (38.2%) or 1993 (47.8%). Parental values predicted the size of mates of sons and daughters differently in the two main years of breeding, reflecting the fact that a large proportion of daughters bred for the first time in 1992 (0.48, nZ67) and a large proportion of males bred for the first time in 1993 (0.60, nZ43). In 1992, parental values of daughters breeding for the first time jointly predicted mate values (table 1). Contributions of father and mother morphologies (partial regression coefficients) were each close to statistical significance. However, uniquely in this year, the morphological values of the parents were strongly correlated (rZ0.492, pZ0.0037), and correspondingly single regression coefficients were significant for both fathers (rZ0.445, pZ0.0084) and mothers (rZ0.486, pZ0.0048). We observed the two unmeasured females, for which we lack genotypes, in the company of their mates close to their nests and unobstructed by vegetation at minimal distances of 1 and 2 m, respectively. Like their mates, they were unusually large. To include them in the figure, we assigned them the average measurements of the large females. Even without them, it is clear that the large size of four males and two females sets them apart from all other G. fortis on the island. The measured females are larger than all other measured females that bred on Daphne during the preceding 30 years.
Genetically, the large birds constitute one family. The pair (19228!19798) that bred in 2005 and 2006 were probably a brother and sister as they had at least one allele in common at all 15 loci and both in common at six of them (three homozygotes and three heterozygotes). The chance occurrence of at least one allele in common at all 15 loci is estimated to be approximately 1% on the basis of 2 out of 235 pairs in the total G. fortis dataset (excluding 19228!19798 and one known brother-sister pair). An older female (19669) that died in 2003 matched 19228 and 19798 at all loci, and is therefore presumed to have been the mother. The genotypes of four younger adults also matched 19228 and 19798 at all loci and are presumed to be their offspring that hatched in 2005. One additional bird (figure 1) that did not survive to adulthood, and therefore was not measured, was fed as a fledgling in 2006 by both 19228 and 19798. It also matched the two presumptive parents at all loci.
A pedigree for this family (figure 4b) is constructed on the basis of the observations and inferences from the genetic data. It resembles the pedigree of a population of G. magnirostris (figure 4a) that became established on Daphne in late 1982 (Gibbs & Grant 1987; Grant et al. 2001) . Both display close inbreeding in the first couple of generations: the ultimate in assortative mating. Close inbreeding is rare in the G. fortis population on Daphne (0.8%; Keller et al. 2002) . In the absence of additional immigration, it is expected to give rise to intense inbreeding depression (Keller et al. 2002) , after a delay of a couple of generations as occurred in the G. magnirostris population (Grant & Grant 1995; Grant et al. 2001) .
DISCUSSION
Pedigree analysis is a useful tool in the study of speciation. It has the potential to reveal trans-generational influences on the choice of mates in natural populations (e.g. Qvarnström et al. 2006) . Experimental manipulations, in the laboratory (Shaw 1996) and the field (Slagsvold et al. 2002) , can be used to separate these influences into genetic and non-genetic components. In combination, the methods of field observation and experimentation can reveal how mates are chosen, i.e. precisely how and why courting individuals are either accepted or rejected as mates. The resulting information can then be used as a basis for constructing an evolutionary theory for the origin and maintenance of pre-mating isolation between members of coexisting populations in the early stages of speciation. The use of pedigrees for investigating the causes of speciation is rare, however, principally owing to the difficulty in establishing genealogical relationships between successive generations in many taxonomic groups. In this context, terrestrial vertebrates are exceptional rather than typical. Birds, mammals and lizards are well characterized taxonomically and phylogenetically, and numerous examples of incipient speciation are known. Many of the species are conspicuous, parentage can be established, and breeding of the offspring of known parents can be determined as in the study reported here. Occasional hybridization, and hence the strength of the barrier to interbreeding, can be assessed and interpreted directly by the observation of pairs, supplemented by genetic information, instead of being inferred solely from the genetic or phenotypic data. Despite these advantages, the genetic basis of variation in mate choice is almost unknown (Qvarnström et al. 2006; Price 2007; Saether et al. 2007) . How genetic factors interact with early experience in governing mate choice is poorly understood, yet such interaction may be very important in those birds and mammals whose mate choice is guided by imprinting in early life (e.g. Payne et al. 2000 Payne et al. , 2002 . In fact, there may be no genetic divergence in mate recognition and response systems in the early stages of speciation. Reproductive isolation may arise solely from learning, becoming consolidated by genetic factors only later. Furthermore, it is not known whether learning distinguishes birds and mammals from the numerous invertebrate taxa in which mate choice is known or presumed to be governed primarily if not entirely by genetic factors (Rice & Hostert 1993; Coyne & Orr 2004) . There is a gap between laboratory knowledge and field ignorance, with few bridges between them (Etges 1998; Hebets 2003) . Pedigree analyses can help to build more.
To the extent that pairing patterns reflect the expression of choice of mates, the Daphne population of G. fortis exhibits weak assortative mating on the basis of size. There is no evidence of the alternative that assortative pairing arises as a passive consequence of selection of a breeding site by microhabitat selection (Boag & Grant 1984) . In 1992 and 1993, the size of an individual's mate was predicted from the sizes of the individual's mother and father. This implies either a genetic association between the body size in parents and preference for the same size in mates or, as seems more likely from the mating patterns of hybrids (Grant & Grant 1997b ), a behavioural influence of parental morphology on the choice of mates in agreement with sexual imprinting theory ( Immelmann 1975; Grant & Grant 1997a; Irwin & Price 1999; ten Cate & Vos 1999) . In zebra finches, there is evidence for a parental influence of the opposite sex on mate choice based on plumage colour (Witte & Sawka 2003; ten Cate et al. 2006 ). Our results with Darwin's finches are mainly consistent with this. The evidence suggests that both sons and daughters are influenced by the imprinting experience, but that the father's influence predominates in both sexes, which is consistent with field observations on the feeding of fledglings. A brood of fledglings is divided between the parents, each parent is as likely to feed sons as daughters, but overall the social father takes on more of the feeding of fledglings than the mother (Price & Gibbs 1987; Grant & Grant 1989) .
In view of the strong annual variation in rainfall and food supply and, consequently, the number of breeding attempts, degree of breeding synchrony, breeding density, age structure and sex ratio, we expected, and observed, annual variation in morphological associations between mates. The expressions of mate preferences are likely to be promoted under some conditions and suppressed under others: promoted by strong recruitment, for example, as happened in the early 1990s, and suppressed by high survival of adults coupled with limited opportunities for young birds to breed. Re-pairing within a breeding season gives finches the opportunity to express a mate preference that was suppressed at first breeding. For those sons that changed mates, we found that parental morphology predicted the body size of the second mates but not the size of the first mates.
Positive assortative mating of extreme individuals, as observed in 2 years, implies that mate choice occurs only when the difference between potential mates is at a maximum, in other words when the candidates can be clearly discriminated. The pairing pattern of the extremely large birds of the immigrant family is consistent with this interpretation. Although they are not much larger than the largest members of the G. fortis population, they are very much larger than the smallest. The pairing pattern of these birds reflects a degree of reproductive isolation from the rest of the population unmatched by any other finch family in our experience. Two members of the pedigree have not been characterized genetically, and therefore the degree of reproductive isolation is uncertain. It could be complete. If so, the situation has a strong parallel in the establishment of a breeding population of the large ground finch, G. magnirostris, on Daphne in 1982. This species is much larger than G. fortis on Daphne, and the two have never hybridized there ). Thus, reproductive isolation of both G. magnirostris and large G. fortis (even if transitory) on Daphne is an exaggerated form of discrimination between mates of the same population, which differ substantially in size. We conclude that the seeds of reproductive isolation between species may be present within a single variable population in the form of a tendency towards assortative mating when the extremes can be clearly discriminated (cf. Ryan & Rand 1993; Phelps et al. 2005) .
The exceptionally large birds appear to be a rare example of an important step in speciation: the establishment of coexistence of two non-interbreeding populations related by descent. According to the allopatric model of speciation, two populations derived from a common ancestor diverge in allopatry, and upon encountering each other later they are reproductively isolated to some degree, and may diverge further (Coyne & Orr 2004; Price 2007) . G. magnirostris are known to have arrived on Daphne from another island , and the original large G. fortis probably did so as well because they and their offspring are distinctly larger than all of their contemporaries (figures 1-3). There are 13 other populations of G. fortis in the archipelago , and the mean body size is larger in all of them . A more compelling argument for an allopatric origin of the large birds could potentially be made by applying assignment tests (Pritchard et al. 2000) to genetic data from G. fortis on Daphne and other islands. Assignment tests were successfully applied to immigrant G. magnirostris on Daphne to identify their island(s) of origin. Unfortunately, G. fortis populations are too weakly differentiated for a reliable test to be made (Grant et al. 2004) .
Assortative mating has been found in another population of G. fortis, on the south side of Santa Cruz Island, and is associated with pronounced variation and a unique bimodal distribution of beak sizes ( Ford et al. 1973; Hendry et al. 2006; Huber et al. 2007) . Pairing occurs within each modal size group, and genetic data show that mating and breeding are also likely to be assortative in this size-restricted manner (Huber et al. 2007 ). Thus, the population appears to be in the process of splitting into two, possibly through disruptive selection (Hendry et al. 2006 ) and non-random mating. Alternative or additional factors responsible for the bimodality are introgressive hybridization with G. magnirostris, or immigration from a differentiated population of G. fortis on another island (Grant 1999; Huber et al. 2007) . Pedigree analysis, combined with measurement of food supply, would be especially valuable to throw light on the maintenance of the unusual mating structure of the population. The origin of incipient speciation is unknown, however, because bimodality, or at least a strong skew in the distribution of the Santa Cruz population, was present more than 100 years ago when the first extensive series of specimens were collected for museums . In contrast, our observations on Daphne have been made close to the origin of the non-random mating. The abrupt appearance of exceptionally large birds beyond the range of morphological variation in the Daphne G. fortis population cannot be attributed to disruptive selection; they have been added to the population rather than split off from it. The possibility of a hybrid origin was tested with genetic and phenotypic data and effectively ruled out. This leaves immigration as the most likely hypothesis. It could have given rise to the unique situation on Santa Cruz Island as well.
Although we have focused on morphological cues, other influences on the choice of mates include behaviour and features of the territory, especially nest sites, and the particular availability of mates when chosen. Therefore, not surprisingly, the predictive equations we used to account for mate choice in terms of parental morphology explained relatively little of the total morphological variation among mates. Another important cue is advertising song (Grant & Grant 1996; Podos 2001 Podos , 2006 Huber & Podos 2006) . Song carrier frequency correlates with body size (Bowman 1983) . Non-random pairing with respect to body size might be a correlated effect of female choice of mates that sing at a particular carrier frequency. Similarly, song note repetition rate correlates with beak size and skull musculature (Podos et al. 2004) , and repetition rate may be the important trait in the choice of mates (but see Huber & Podos 2006) . The body and beak sizes are strongly correlated with each other. Future studies that employ pedigree data, as well as experiments, may be able to disentangle the correlations in order to identify the particular cues that birds use when choosing a mate. Perhaps they use all of them, each strengthening the influence of the others (Slabbekorn & Smith 2002; .
